This paper describes optimizations of material properties for a bonnet-like plate using finite element calculations and the Euro-NCAP pedestrian head impact test. Four different head models were used for the impact simulations, a Euro-NCAP dummy head, a Hybrid III dummy head and two biomechanical head models exhibiting different mechanical properties for the brain tissue. The objective function was to minimize the displacement of the bonnet plate while satisfying constraints on the head injury criterion (HIC), the resultant contact force and, for the human head models, the strain in the brain tissue. An investigation was also conducted of the kinematics of the head models during impact, evaluating the energy distribution and the apparent mass. The analysis gave at hand that optimization of the plate with respect to impact with the Euro-NCAP and Hybrid III head models reached substantially different results compared to impact with the biomechanical head models. For the latter case, the stiffness of the brain tissue influenced which constraints were active in the final solution. The investigation of the kinematics at impact showed that a substantial portion of energy was confined within the brain during impact for the biomechanical head models. The apparent mass at impact coincided with the actual mass for the rigid dummy heads while for the human head models it was roughly the mass of the skull only.
INTRODUCTION
During the past decades significant reductions in pedestrian fatalities have been achieved in Europe and the United States (Yang, 1997; Otte, 1999; Berg et al., 2000; EEVC, 2002; Berg et al., 2003) .
According to the International Road Traffic and Accident Database (IRTAD, 2003) , the pedestrian fatalities in 24 European countries decreased from 18410 per year to 7936 per year in the years 1980 to 2001, a reduction of 57%. This tendency is presumably the result of efforts to improve traffic planning, road safety instruction programs and automotive design measures such as changes in car-front shape, improved car-pedestrian stiffness compatibility and anti-lock braking systems (Yang, 1997; Otte, 1999; EEVC, 2002; Berg et al., 2003) . Still, injurious car-pedestrian collisions rank high in most countries (Yang, 1997; Berg et al., 2000; EEVC, 2002) .
Recognizing the problem, several international organizations such as International Harmonized Research Activities (IHRA), the International Organization for Standardization (ISO) and the European Enhanced Vehiclesafety Committee (EEVC) have worked towards limiting the number of injured in car-pedestrian impacts. Based on statistics, biomechanical tests, accident reconstructions and finite element (FE) calculations, the EEVC has worked out pedestrian protection test methods for evaluation of the crashworthiness of a car in car-pedestrian collisions (EEVC, 2002) . The European New Car Assessment Programme (Euro-NCAP, 2003) incorporated the test methods in their work and pedestrian impact tests have been conducted since 1997.
Optimization of single skin surfaces for head injury prevention -a comparison of optima calculated for global versus local injury thresholds
Statistical studies treating car-pedestrian accidents report that the head, chest and legs are most frequently subject to serious or fatal injuries (Yang, 1997; Harruff et al., 1998; Otte, 1999; Mizuno and Kajzer, 2000; EEVC 2002; Mizuno, 2003) . A study by Otte (1999) shows that the head is the body region most frequently injured in car-pedestrian accidents. Head injuries are almost exclusively caused by the car front end (windscreen, Apillar, top surface of bonnet/wing) and/or the ground (Yang, 1997; Otte, 1999; Mizuno and Kajzer, 2000; EEVC 2002; Berg et al., 2003; Mizuno, 2003) . Consequently, one part of the Euro-NCAP car pedestrian test is the child and adult head impact test. The adult head impact test is conducted using a spherical aluminum headform covered with rubber skin and a total weight of 4.8 kg. The head form is launched towards the rear part of the bonnet at a velocity of 40 km/h and the injury metric is the Head Injury Criterion (HIC), which should be below 1000. HIC is calculated as
where a is the resultant head acceleration expressed as a multiple of the gravitational acceleration g, and t 1 and t 2 are any two points in time during the impact which are separated by 15 ms or less giving the maximum HIC. HIC was introduced in its present form in crash testing by the National Highway Traffic Society Administration (NHTSA, 1972) and it has been used for several years in crash injury research and prevention as a measure of the likelihood of serious brain injury. HIC only treats the resultant translational acceleration and the duration of the impulse and no consideration is given to the direction of the impulse or rotational acceleration components (Gennarelli, 1983; Bellora et al., 2001; Kleiven, 2003) . The validity of HIC is intensively debated and there is reason to believe that the safety development could be made more efficient through use of more delicate tools, such as biomechanically representative finite element (FE) models of the human head together with local tissue strain thresholds. It is hypothesized in this study that a design optimization of an automotive panel would come out differently if it was made with respect to one or the other criterion. To test this hypothesis, different head models were compared in FE simulations of the Euro-NCAP pedestrian head impact test using a simplified bonnet. The criteria used in the study were HIC, max principle strain in brain tissue and the product of strain and strain rate in brain tissue. Additionally, a study of the kinematics of the head models at impact was conducted.
METHODOLOGY
The aim of the study was to illustrate that although there are methods available for numerical optimization of structural components it is not obvious that a result from an optimization is an indisputable optimum. Optimizations of an idealized bonnet-plate subject to impact in accordance with the Euro-NCAP adult pedestrian head impact were performed. Four different FE head models were used; a model of the Euro-NCAP pedestrian adult headform, a model of the Hybrid III dummy head and a biomechanically representative human head model (in the following referred to as human head model) with two different sets of material data for the brain tissue. Optimizations of the material parameters for the idealized bonnet were performed for each impact case using minimal vertical displacement as the objective function. The optimizations were performed using the program Xopt (Holm, 1999) , which utilizes the method of moving asymptotes (MMA) developed by Svanberg (1987) . The FE calculations were conducted using the program LS-DYNA (Livermore Software Technology Corporation, 2001) .
Human head FE model
A detailed and parameterized FE model of the adult human head, including the scalp, skull, brain, meninges, cerebrospinal fluid (CSF) and neck with the extension of the spinal cord and the dura matter (Kleiven, 2003) was used, see Fig. 1 . The total mass of the head was 4.64 kg. This model has been experimentally validated in previous studies (Kleiven and Hardy, 2002; Kleiven and von Holst, 2002) . IJCrash 2004 Vol. 9 No. 4
Material properties of the human head FE model
To cope with the large elastic deformations, a Mooney-Rivlin hyperelastic constitutive law was utilized for the central nervous system (CNS) tissues:
where J is the relative volume, and I 1 , I 2 , I 3 are the principal invariants of the right Cauchy-Green deformation tensor. The stress tensor corresponding to the strain energy density is derived using:
in terms of the second Piola-Kirchhoff stress, S ij , and Green's strain tensor, E ij . In addition, rate effects are taken into account through linear viscoelasticity by a convolution integral of the form:
This stress is added to the stress tensor determined from the strain energy functional. The stress relaxation function, G ijkl , is represented by two terms in a prony series, given by: Mendis et al. (1995) derived the rate dependent Mooney-Rivlin constants C 10 and C 01 and time decay constants β i using experiments published by Estes and McElhaney (1970) on white matter from the corona radiata region. According to Kleiven and Hardy (2002) , the average brain stiffness properties reported by Donnelli (1998) showed the best correlation with experiments on localized motion of the brain. Therefore Mooney-Rivlin constants corresponding to an effective shear modulus of around 520 Pa was used for most of the analysis. However, the range of published experimental values varies by more than an order of magnitude (Donnelli, 1998) . Previous studies have also indicated that the stiffness of the brain tissue might decrease substantially after death (Metz et al., 1970; Stalnaker et al., 1977) . Since the intracranial strain is highly sensitive to the shear modulus (Kleiven and Hardy, 2002) , properties corresponding to an effective long-term shear modulus of 2600 Pa was also applied to further investigate the sensitivity of the design optimum due to a change in brain stiffness properties. The stiffness parameters C 10 , C 01 , G 1 , and G 2 were scaled while the decay constants were not altered. The law was introduced for the white matter and the gray matter. The Mooney-Rivlin and viscoelastic constants for the brain stem were assumed to be 80% higher than those for the gray matter in the cortex (Arbogast and Margulies, 1997) . For the spinal cord and cerebellum, the same properties as for the white and gray matter were assumed. A comparison between impact calculations using rigid and elastic cranial bone showed no significant differences in results (less than 5% difference in load and acceleration levels). Hence, the cranial bone was modeled as rigid to save CPU-time. A summary of the properties for the tissues of the human head used in this study is presented in Table 1 .
FE Hybrid III dummy head
The FE Hybrid III 50:th percentile dummy head developed by Fredriksson (1996) , see Fig. 2a , comprises a rigid skull covered in rubber flesh. The rubber was modeled using material properties according to the calibration tests by Fredriksson (1996) , see Appendix 1. The total weight of the head was 4.55 kg. For stability reasons the head was made featureless by suppression of the nose. (Stalnaker, 1969 , MeElhaney et al., 1976 , for all the chosen shear moduli. The Euro-NCAP pedestrian dummy head was modeled as a rigid sphere covered in a rubber skin, see Fig. 2b . The headform geometry, mass (4.80 kg) and inertia (0.0125 kgm 2 ) were defined in accordance with the specifications set by EEVC (EEVC, 2002) . The rubber was modeled using two elements through the thickness and initially with the same material properties as the FE Hybrid III dummy head. The certification procedure according to EEVC (EEVC, 2002) was simulated (see Appendix 1) and the material properties for the skin were slightly modified to comply with the certification limits, and the tougher rubber used for the Euro-NCAP dummy head.
Euro-NCAP head impact test
The Euro-NCAP adult pedestrian head impact test (Euro-NCAP, 2003) is conducted at an angle of 65° ± 2° to the Ground Reference Level (GRL), at the rear part of the car bonnet and at an impact velocity of 11.1 ± 0.2 m/s, see Fig. 3 . Linear accelerations in three perpendicular directions are measured in the headform during the impact and the performance is evaluated according to the HIC.
FE calculations
The head models are henceforth referred to as Euro-NCAP, Hybrid III, human head CB, (compliant brain properties) and human head SB (stiff brain properties), respectively. They were impacted towards an idealized bonnet panel, i.e. a 900 * 900 mm quadratic plate with clamped boundary conditions at the edges (Fig. 4) . The plate was tilted 10°t o the horizontal plane to simulate the slope with respect to the GRL of an actual bonnet. The Hybrid III and the human head models were adjusted (head position at impact and center of gravity of the human heads) to give the same lever at impact, relative to their respective center of gravity. Numerical optimizations were performed using the maximum displacement of the plate as objective function, driving the energy absorption of the plate during impact to be as efficient as possible. Two sets of optimizations were performed for each head model, one with limited variable boundaries and one with virtually unbounded variables. The optimization using limited variable span was performed to obtain ideal behavior for an optimized single plate with realistic properties (although an actual material might still not exist which exhibits exactly the suggested material behavior). The bi-linear material properties were ranging from values representative for polymers to high-strength steel. The optimization using wide variable spans was performed to reveal an ideal impact behavior for a general plate using the selected constraints and "unbounded" variables. The variable spans for both sets of optimizations are presented in Table 2 . For both sets of optimizations the feasible solutions were bounded by HIC ≤ 1000 (Euro-NCAP, 2003), resultant load F ≤ 7 kN and, for the human head, strains in the brain ε ≤ 20% (first principle Green-Lagrange strain on element level), in accordance with Bain and Meaney (2000) . HIC was calculated for the rigid head models using the resultant linear acceleration at the center of gravity. For the human head models, HIC was evaluated using the resultant linear acceleration of the rigid skull bone. The resultant load was extracted in the contact between the head model and the plate. Included is also the Viscous Criterion (VC) proposed by Viano and Lau (1988) . The viscous response is defined as the product of velocity V(t) and relative deformation C(t) and is proportional to the energy absorbed by the affected human soft tissue during the rapid loading phase of impact. Locally, VC is the product of strain and strain rate, ε * dε/dt. Viano and Lövsund, (1999) give proposed injury tolerances of VC max = V(t) * C(t) = 0.7 m/s and, locally, VC max = ε * dε/dt = 45 s -1 . For the plate, a bi-linear elastic material model was used and the optimization variables were density ρ, Young's modulus E, yield stress, σ y , tangential modulus E tan and thickness t (Fig. 5 ). The resulting load and acceleration curves were filtered using an SAE 1000 low-pass filter.
Kinematics at impact
To elaborate on the different behavior of the head models used in this investigation an analysis of the kinematics of the models was performed. The analysis involved evaluation of the energy distribution and calculation of apparent mass (Hodgson et al. 1967; Stalnaker et al., 1971; Stalnaker et al. 1977; Willinger and Cesari, 1990) for the different models during the impact event. The aim was to illustrate how the relative motion and inertia of the brain affect acceleration and load during impact and thus the implications of the results from the Euro-NCAP simulations.
Energy distribution during impact
Using the principle of conservation of energy, the energy balance during the impact simulations appears as (neglecting the potential energy)
where KE is kinetic energy, IE is internal energy and WF is the work of friction in the contact interfaces. The hourglass energy was below 5% in all simulations and considered insignificant for the illustration of the energy distribution.
The distribution of energy as given by equation [6] is different for the rigid Euro-NCAP and Hybrid III models when comparing with the human head models. This is evident when further breaking down the second and third part of equation [6] resulting in Euro-NCAP and Hybrid III:
Human head:
where KE brain and IE brain refer to all energy transferred to matter inside the skull in the human head.
Apparent mass at impact
The apparent mass, m app , is evaluated throughout the entire impact and is calculated by applying Newton's second law according to
where F is the resultant load between the head model and the plate and a is the resultant acceleration of the head model. The calculation of m app was performed for all four head models using the Euro-NCAP pedestrian head impact test and the start variables in optimization set 1. Additionally, an evaluation of the apparent mass was performed using the human head models for a perpendicular impact through the center of gravity of the human head models (avoiding induced rotation of the head) to examine the generality of the estimated m app for frontal head impacts.
Interchange of optimized plate configurations and head models
In order to examine the general validity of the optimized plate solutions, simulations were performed with the Euro-NCAP head model impacting the plate configuration from the optimization with the human head SB, and vice versa. This investigation was performed to illustrate that although the response of a structure may be optimal for a certain impact case when evaluated with a specific set of criteria it might not be favorable for another case, evaluated with respect to another set of criteria. Density ρ (kg/m 3 ) 5 ·10 2 -8·10 3 5·10 2 -3·10 5 5·10 3 Young's modulus E (GPa) 1-2·10 2 10 -2 -10 4 10 Yield stress, σ y (MPa) 50-6·10 2 10 -5 -10 3 10 2 Tangential modulus E tan (MPa) 0-10 2 0-10 2 10 -3 Thickness t (mm) 0.4-2. 
RESULTS

Optimization results
Substantially different results were obtained from the optimization with the rigid Euro-NCAP and the Hybrid III dummy heads when compared to the human head models. The optimized properties for the plate are presented in Tables 3 and 4 and normalized results for each case are illustrated in Fig. 6 . Load, acceleration and strain curves are illustrated in Appendix 2. Table 4 only shows the final results since the start values in the optimization sets 1 and 2 are the same (see Table 2 ).
Energy distribution during impact
The energy balance as given in Eqs. (7-10), is illustrated through impact events with the Euro-NCAP and the human head CB in Fig. 7 . The plate configuration used is the optimization start configuration ( Table 2 ). The energies are normalized with respect to the initial kinetic energy in each case. During the impact, some energy dissipation occurred through friction and hourglass energy, which are both excluded from Fig. 7 for clarity. The work of friction in the contact interfaces was below 12% of the initial kinetic energy at the end of the events. The elastic energies in the skin and in the brain are also excluded from Fig. 7 due to very low relative values (< 5%) throughout the impact event. The fact that the total sum of energy differs between the start and the end of the impact events in Fig. 7 is a consequence of the described energy dissipation. The results show that due to the deformable interior of the human head model, the relative transfer of energy from the head to the plate is significantly lower than for the case with the Euro-NCAP head model.
Apparent mass at impact
The calculated apparent mass for the human head models in the two studied impact cases is illustrated in Fig. 8 . 
Interchange of optimized plate configurations and head models
The optimized plate configuration (set 1) with respect to impact with the Euro-NCAP model was used in an impact simulation with the human head SB, and vice versa. Even though both optimizations reached satisfactory optima, the simulation with the human head SB and the Euro-NCAP head plate optimum resulted in a HIC value more than 40% higher than the Euro-NCAP limit. The simulation with the Euro-NCAP head and the human head SB plate optimum resulted in a more than 25% lower HIC value, than the result from when the human head SB was used, and a more than 30% increase in the maximum displacement. The results from the simulations are presented in Table 5 with the results corresponding to the previous optimizations given within parentheses.
DISCUSSION
Optimization results
Due to the chosen variable limits in optimization set 1 (bi-linear material properties ranging from values typical for polymers to high-strength steel), some variables reached their limit in all load cases. Consequently, the resulting optimum in optimization set 1 is strongly dependent on the choice of the boundaries. However, even though the HIC reached acceptable levels in all calculations, the maximum strain in the human head CB model was still almost twice the allowable levels according to Bain and Meaney (2000) . Due to the results from the first optimization, a second run was performed with "unbounded" variables. The second optimization reached solutions which were within the variable limits for all cases, giving the opportunity to analyze the results from a qualitative point of view and compare the different head models for the studied impact case.
The optimizations were performed using the minimum displacement of the plate as objective function, driving the energy absorption of the plate to be as efficient as possible during the impact. For an impact situation with a specified maximum allowable load, the most efficient energy absorption is obtained through a constant resultant contact load acting on the head models throughout the impact. The resultant load acting on the head models is dependant on the contact area, the plate material properties and inertia forces of the plate and the head. For the studied impact case, the contact area between the plate and the head models varied during the impact event. This, together with the elastic-plastic material definition, gave a virtually sinusoidal load response for the initial portion of the impact. However, for higher inertia (density) of the plate, as seen in optimization set 2, a more rapid rise in resultant load was achieved. For the human head CB, the resulting plate density in optimization set 2 was very high and caused The results of the Euro-NCAP and the Hybrid III optimizations were very similar. This is probably due to the fact that both head models are rigid and have similarly shaped contact areas. Another contribution to this similarity is the deformation of the plate during impact which limited the influence of the induced momentum at initiation of contact for the Hybrid III dummy head.
The optimizations using the human head SB were controlled by the HIC while the optimizations using the human head CB models were controlled by the allowable strain in the brain. This strain is very sensitive to the choice of stiffness for the brain tissue. When using the parameters reported by Mendis et al. (1995) , significantly lower strains were found than when using the average values proposed by Donnelly (1998) . More compliant properties give corresponding increased strains in the CNS tissue. The characteristics of the response changed as well, the duration of the resulting strain impulse was longer compared to the response when stiffer properties were used. Apart from the mentioned differences, the kinematic behavior of the human head models was practically identical (see Appendix 2), indicating that the stiffness of the brain tissue in the studied stiffness range has insignificant effect on the kinematics of the human head at impact.
Kinematics at impact
The dynamic behavior of the human head has been a matter of research since the 1940's when Holbourn (1943) considered the human head as a physical system. Holbourn described the motion of the brain relative to the skull and the displacement inside the brain as the injury creating mechanisms at impact. He also described the brain tissue as a fluid, exhibiting primarily shear deformation when loaded. Since then, several studies of the kinematics of the head have been conducted. Hodgson et al. (1967) performed vibration experiments on cadaver skulls with the intention to determine the apparent mass and stiffness of the human head over the frequency range 5-5000 Hz. They found that both the apparent mass and stiffness of the human head varied markedly from static values, and with location of excitation. Stalnaker et al. (1977) conducted head impacts using fifteen cadavers and found the existence of brain motions which were relative to the motions of the skull. Additionally, Stalnaker et al. (1977) calculated a head effective mass by dividing the peak translational acceleration measured in the heads with the peak impact force and experienced a range between 1.9 kg to 5.6 kg with an average of 3.3 kg. They also found that the effective Figure 8 Apparent mass for the head models using the start variable values for (a) the Euro-NCAP test and (b) a non-rotational perpendicular impact. mass varied during the impact and in addition, the dynamic response depended on time-after-death. Studies examining the effect of the compliance of the brain tissue on the interaction between the skull and the brain have used approaches such as animal and human cadaver experiments (Stalnaker et al., 1977; Nusholtz et al., 1979) , manufacturing and testing of a human-like head model (Hodgson et al., 1972; Willinger et al., 1993; van den Bosch et al., 2000) , mathematical modeling (Alem, 1974; and FE modeling Ruan and Prasad, 1996) . Several studies dealing with defining the dynamic characteristics of the human head have used mechanical impedance tests (Gurdjian et al., 1970; Stalnaker et al., 1971; Willinger and Cesari, 1990) . The mechanical impedance is defined as the time delay between an applied force and the resulting motion of a structure and possesses a frequency dependency (Hodgson et al. 1967; Willinger and Cesari, 1990; Gurdjian et al., 1970) . The results of the mechanical impedance investigations show that the head behaves like a single mass equal to the total mass of the head up to the first resonance frequency, which lies somewhere in between 100-200 Hz. Around the first resonance frequency an uncoupling phenomenon of the brain and skull appears resulting in a drop of the apparent mass of the head to a mass close to the mass of the skull only, indicating that the brain becomes stationary (Willinger and Cesari, 1990 ). According to test results, this phenomenon is at least present for frequencies up to approximately 5000 Hz. If this is actually a brain-skull decoupling mechanism or a local mode phenomenon of the components of the brain is not fully disentangled (Ruan and Prasad, 1996) . However, it was not the intention of this work to investigate the origin of the uncoupling phenomenon.
Energy distribution during impact
The optimization and energy distribution results clearly show the difference between an impact using a rigid and a partly non-rigid object. It is illustrated in Fig. 7a , that the kinetic energy of the Euro-NCAP dummy has almost completely transferred to the plate at maximum displacement, as internal and kinetic energy. There is a direct relationship between the initial kinetic energy and the load and acceleration acting on the dummy at this point. However, examining the same impact case but with the human head CB model (Fig. 7b) , a significant part of the initial kinetic energy is confined within the brain as kinetic energy throughout the impact. This results in a lower amount of energy being transferred from the head to the plate and a corresponding lower resultant contact load, but higher acceleration and HIC levels. Further, the lower transfer of energy gives a lower maximum displacement of the plate.
Apparent mass at impact
The energy balance relations in Fig. 7 illustrate an important difference. For the rigid Euro-NCAP model, the relation between the initial kinetic energy and the energy transferred to the plate, at maximum displacement (when all relative energies are practically zero except for the internal energy of the plate), is virtually total and the load acting on the head model follows Newton's second law throughout the impact. However, studying the same impact conditions for the human head model, in Fig. 7b , the shapes of the corresponding curves are similar but the amplitudes are considerably lower. The difference is explained by the energy confined within the brain during the event. Newton's second law applies for the human head too, but only when evaluated with an apparent mass, m app , defined by the resultant contact force between the plate and the head, and the resultant acceleration of the head. Calculated values of m app for the different head models during two reference impact situations are presented in Fig. 8 . In Fig. 8a the impact situation and plate configuration used is identical with the optimization start configuration. The curves have been filtered using an SAE 1000 low-pass filter. A comparison with the corresponding load and acceleration figures in Appendix 2 shows that the apparent mass is practically constant throughout the contact between the plate and the head models. However, while the apparent mass of the Euro-NCAP and Hybrid III coincide with their actual masses, the apparent mass of the human head, which seems to be independent of the stiffness of the brain tissue in the studied stiffness range, is roughly 70% of its actual mass.
The Euro-NCAP test comprises an oblique impact, which induces rotational acceleration of both the skull and the brain. As pointed out in this study as well as in aforementioned work an uncoupling phenomenon of the head is induced at impact for certain impact violence. To test the generality of the concept of an apparent mass a second impact case was designed where the induced rotation was kept to a minimum. The head models were subject to impact perpendicular to the plate and simultaneously oriented so that the initial area of contact was parallel with the plane of the plate and located in line with the center of mass of the head. The resulting apparent mass, m app , for the perpendicular impacts are presented in Fig. 8b and the results are obviously consistent with those from the previous case. The results consequently indicate that the resonance frequency as investigated by Gurdjian et al. (1970) , Stalnaker et al. (1971) and Willinger and Cesari (1990) is excited for all frontal Euro-NCAP pedestrian head impact tests.
Interchange of optimized plate configurations and head models
Following the discussion on the distribution of energy during the impact, there is no surprise that the simulations give different results. The results show that the Euro-NCAP pedestrian head impact test and corresponding HIC limits are non-conservative. For the same impact conditions the Euro-NCAP dummy head model gives a HIC more than 25% lower than for the human head SB model. 
Limitations
The constraints in the optimizations were set with respect to the maximum allowed HIC-value (Euro-NCAP) and relevant experimental results found in literature. The limit for the maximum allowable load was set quite high with respect to relevant experimental results (Allsop, 1993; Yoganandan et al., 2003) . The reasons for this decision were the expected larger loaded area of the head models compared with conducted experiments and that neither a load nor an acceleration peak limit is specified in the Euro-NCAP pedestrian test protocol.
The bulk modulus of brain tissue (McElhaney, 1976 ) is roughly 10 5 times larger than the shear modulus. Thus, the brain tissue can be considered as a fluid in the sense that its primary mode of deformation is shear. Therefore, distortional strain was used as an indicator of the risk of traumatic brain injury. The maximal principal strain was chosen as a predictor of CNS injuries since it has shown to correlate with diffuse axonal injuries (Morrison et al., 2003; Bain and Meaney, 2000; Bain et al., 1997; Galbraith et al., 1993; Thibault et al., 1990 , Gennarelli et al., 1989 , as well as for mechanical injury to the blood-brain barrier . Other local tissue injury measures have also been proposed and evaluated, such as von Mises stresses (Anderson et al., 1999; Miller et al., 1998; Shreiber et al., 1997) , the product of strain and strain rate (Goldstein et al., 1997; Viano and Lövsund, 1999; King et al., 2003) , the strain energy , and the accumulative volume of brain tissue enduring a specific level of strain, the Cumulative Strain Damage Measure (CSDM), (Bandak and Eppinger, 1994; DiMasi et al., 1995) . For instance, Miller et al. (1998) showed in a 2D FE-study that the maximum von Mises stress predicts comparable patterns of axonal and macroscopic hemorrhagic cortical contusions in a pig. Since so many local injury measures are proposed, a thorough evaluation of the correlation between brain injury in humans and more specified local threshold would be of great value. Once this correlation is achieved, further evaluation of required global kinematic-based head injury measures for a specific direction could be performed.
CONCLUSIONS
The results emphasize the importance of treating the human brain as a non-rigid body. According to the simulations, the rigid head models do not capture the behavior of the soft matter inside the skull. Although it is obvious it must be kept in mind that in the strive for improved safety, it is essential to employ physically representative metrics since the applied criteria will drive the development. Hence, local tissue thresholds or more human-like dummies should be used to obtain more physically representative and reliable optima in safety design. This result is conceptually obvious since a global criterion will never cover all the various injury mechanisms characterized by local tissue deformation. That the choice of criteria affects the obtained optima is obvious from the differences in the optimized response for the head models using the Euro-NCAP pedestrian head impact test.
The results from the calculations of the apparent mass indicate that for an unrestrained human head impact, the mass involved in the contact is roughly 70% of the actual mass. The calculated apparent mass is approximately the mass of the skull as pointed out by Stalnaker et al. (1977) and Willinger and Césari (1990) . This phenomenon was present for all calculations involving the human head using both the compliant and stiff brain properties.
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FE-modeling of the EEVC headform certification
The adult headform certification procedure according to EEVC [14] is performed using a cylindrical impactor (diameter 70 ± 1 mm, weight 1.0 ± 0.01 kg) propelled horizontally into the headform at a velocity of 10.0 ± 0.1 m/s. The headform is hanging from a string with a minimum length of 2.0 m and the impact position should be so that the center of gravity of the headform is located on the centerline of the impactor. The resultant linear acceleration response of the certification test should be uni-modal and the acceleration peak between 337.5 g and 412.5 g. The adult headform consists of an aluminum sphere covered with a 13.9 ± 0.5 mm thick vinyl skin. The total diameter and weight is 165 ± 1 mm and 4.8 ± 0.1 kg respectively. The moment of inertia about an axis through the center of gravity and perpendicular to the direction of impact should be 0.0125 ± 0.0010 kgm 2 .
An FE adult headform was modeled and tested V = 10 m/s Figure 9 FE-simulation of the EEVC certification test. Figure 10 Headform acceleration response.
Peak acceleration = 375g
Headform acceleration response 400 according to the EEVC specifications. The headform was modeled as a rigid sphere covered in a rubber skin. The rubber skin was modeled according to Fredriksson [3] (Hybrid III skin) and slightly modified to conform to the EEVC certification requirements, see Table 6 . The FE certification model and the certification resultant acceleration response are illustrated in Figs. 9 and 10 respectively. The acceleration response was filtered using an SAE 1000 low pass filter. 
